The repair of extensive thoraco-abdominal aortic aneurysms (TAAAs) is invasive and carries a high risk for spinal cord injury (SCI). The aim of this study was to assess the early results and collateral circulation to the spinal cord after hybrid repair for Crawford extent II aortic aneurysms.
INTRODUCTION
Despite improvements in intraoperative circulatory management and spinal cord protection techniques, thoraco-abdominal aortic aneurysm (TAAA) repair is still associated with significant mortality and morbidity [1] [2] [3] . In particular, spinal cord injury (SCI) represents a potentially severe complication that significantly degrades a patient's quality of life and patients undergoing a repair of the entire thoraco-abdominal aorta (Crawford extent II aortic aneurysm) exhibit the highest rate of SCI [2, 4, 5] . Several groups have reported that the incidence of SCI after thoracic endovascular aortic repair (TEVAR) for thoracic aortic aneurysm was lower than that seen with conventional open repair [6, 7] . Therefore, since 1997 we have performed a staged hybrid TAAA repair, following an initial visceral debranching bypass procedure with TEVAR at a later stage. The aim of this study was to evaluate the early results of this hybrid repair for Crawford extent II aortic aneurysms and to assess the collateral circulation to the spinal arteries from the peripheral arteries using multidetector computed tomography (MDCT).
MATERIALS AND METHODS

Patient profiles
Between January 1997 and July 2014, we performed 128 hybrid TAAA repairs using a combination of visceral debranching bypass and TEVAR. During this period, we performed this combined repair for all TAAA patients excluding those patients with infected aneurysms. The extent of aortic repair was categorized according to the Crawford classification system. We reviewed the charts of 12 patients who underwent hybrid TEVAR of a Crawford extent II aortic aneurysm. This retrospective record review was approved by the institutional review board of our hospital. Informed consent was obtained in each case. The median age was 60.5 years (range: 24-75 years) and 6 patients (50.0%) were men. Dissecting aortic aneurysms were present in 10 patients (83.3%) and degenerative aortic aneurysms were present in 2 patients (16.7%). Two patients with rapidly growing aneurysms underwent the procedure urgently. Preoperative comorbidities are listed in Table 1 . Four patients had a previous cardiac or aortic repair (33.3%) (mitral valve repair: n = 1, ascending aortic repair: n = 1 and aortic root repair: n = 2).
Operative procedures
Proximal and distal landing zone. We carefully assessed and measured the anatomical details of the entire aorta and peripheral arteries using MDCT. The criteria used for the proximal and distal landing zones are as follows: longer than 20 mm in length, 18-42 mm in diameter, straight portion, no severe atheroma (Grades I−II), non-dissection area.
When an appropriate proximal landing zone was not present, we performed total aortic arch repair with the open stent grafting technique (OSG) or the total arch debranching technique as previously reported [8, 9] . After a proximal landing zone was isolated in the arch area, we performed TEVAR with partial arch debranching. In all cases, we reconstructed the left subclavian artery (LSA) by extra-anatomical bypass to maintain the collateral spinal blood flow.
To create a distal landing zone, we performed retrograde visceral debranching bypass targeting the coeliac artery, superior mesenteric artery (SMA) and the bilateral renal arteries (RAs) as previously reported [10] . The bypass inflow site was chosen on the basis of the quality of the native abdominal aorta and iliac artery. When the native vessels had severe atherosclerosis or dissection, we performed graft replacement of the abdominal aorta to create an appropriate bypass inflow and distal landing zone. The coeliac artery was sacrificed when the preoperative MDCT showed an apparent communication from the SMA.
Thoracic endovascular aortic repair. TEVAR to cover the residual downstream aorta was generally performed on the day following the final debranching procedure in a hybrid surgical suite using fixed fluoroscopic equipment. The stent graft was deployed to cover the entire aneurysm. The stent grafts were selected to be 10-20% larger in size than that of the native or prosthetic grafts.
Perioperative management
A cerebrospinal drain was preoperatively placed in all cases, and was left in place for 24 h after TEVAR. Cerebrospinal fluid was allowed to drain freely with gravity at a target pressure of 10 mmHg. The mean arterial blood pressure was consistently maintained at >90 mmHg during the first 72 h postoperatively.
With regard to bypass of the supra-aortic vessels, an extraanatomical bypass from the right axillary artery to the left axillary artery and the left common carotid artery was performed in Zone 1 cases, and a bypass from the right axillary artery to the left axillary artery was performed in Zone 2 cases. When coronary artery bypass grafting was indicated, we selected a saphenous vein graft to preserve the internal thoracic artery. In addition, all patent internal iliac arteries were preserved or reconstructed.
Follow-up
All patients were followed up in our institution. MDCT was performed at the time of hospital discharge, 6 months postoperatively and yearly thereafter.
Statistical analysis
All statistical analyses were retrospectively performed using JMP Pro 10.0.0 (SAS Institute, Inc., Cary, NC, USA). Continuous variables were presented as median and range, or mean ± standard deviation. Categorical and discrete variables were given as counts and percentages.
Evaluation of segmental arteries
Preoperative and postoperative contrast-enhanced MDCT was performed in 11 of 12 patients (91.7%). The scanning protocol was as follows. The post-contrast phases were acquired with a slice collimation of 32 × 0.5 mm, a pitch of 0.844, a tube rotation velocity of 0.5/s, 120 kVp and 350 mAs. Images were then reconstructed to a 1.0 mm slice thickness. Iodine contrast (concentration 300 mg/ml) at a dose of 2.0 ml/kg (average 100 ml per patient) was injected in the antecubital vein using a 22-gauge catheter and an injection pump with a 2.4 ml/s velocity. To account for individual cardiac output, a bolus triggering technique was used with the region of interest placed at the descending thoracic aorta ( pulmonary trunk level) and the triggering threshold set at 100 Hounsfield units (HU) elevation above the baseline to initiate the scan. The apnoeic period varied from 20 to 25 s. All images were analysed independently on a Centricity workstation (GE Medical Systems, Milwaukee, WI, USA) and the Aquarius workstation software (TeraRecon, Inc., San Mateo, CA, USA) by a single radiologist with 13 years of experience.
RESULTS
Procedural results
We performed aortic arch repair using the OSG in 4 patients (33.3%), arch debranching technique in 3 patients (25.0%) (Zone 0: n = 1, Zone 1: n = 1, Zone 2: n = 1) and simple TEVAR in 1 patient (Zone 3). Three patients needed resternotomy due to previous aortic repair (25.0%). Four patients had aortic arch repair done previously at outside institutions. The conventional elephant trunk technique was performed in 2 patients (16.7%), extended total arch replacement in 1 patient (8.3%) and distal arch replacement in 1 patient (8.3%). There were sufficient proximal landing zones in all of these patients. With regard to the visceral debranching procedure, we performed graft replacement of the abdominal aorta to create an appropriate distal landing zone and sufficient inflow to the debranching bypass in 9 patients (75.0%). Native iliac arteries were used for the inflow in 2 patients (16.7%) and the native terminal aorta was used in 1 patient (8.3%). Quadruple visceral bypass (coeliac artery, SMA, bilateral RAs) was performed in 7 patients (58.3%) and triple bypass (SMA, bilateral RAs) was performed in 5 patients (41.7%).
Early results
Early results of the hybrid surgical procedure are presented in Table 2 . Procedural success was achieved in all patients. The median interval between the last debranching procedure and TEVAR was 1 day (range: 0-63 days). The median operative time for TEVAR was 94 min (range: 71-421 min) and blood loss was 300 ml (range: 130-1350 ml). Two patients (16.7%) with a severely narrowed true lumen underwent TEVAR via the false lumen. There were no deaths within 30 days after TEVAR and no in-hospital deaths were observed. The median duration of the intensive care unit stay and hospital stay was 4 days (range: 1-20 days) and 24 days (range: 11-90 days), respectively. There were no postoperative SCIs or strokes. Postoperative complications included acute heart failure (n = 2) and ileus (n = 1).
No type I or type III endoleaks were observed in any patient. An apparent type II endoleak, with back-flow from the sacrificed coeliac artery, was observed in 3 patients (25.0%). These type II endoleaks were eliminated with coil embolization of the coeliac artery trunk via the SMA. Postoperative three-dimensional computed tomography images are shown in Fig. 1 .
Late results
The follow-up was completed for all patients. The median length of the follow-up was 26 months (range: 9-71 months). One late death was observed in a patient who died of acute aortic dissection of the residual ascending aorta at 59 months after TEVAR. Two patients required a second intervention in this study. One patient had a dissection of the external iliac artery, which was the inflow site of the visceral bypass. A second patient developed a type Ia endoleak of the partial arch debranching TEVAR, which was treated successfully by total arch replacement. We identified a minor type II endoleak in 2 patients who required no further intervention because the aneurysm size did not change. In addition, all bypasses have remained patent: six supra-aortic bypasses (brachiocephalic artery: n = 1, left common carotid artery: n = 2, LSA: n = 3) and 43 visceral bypasses (coeliac artery: n = 7, SMA: n = 12, RA: n = 24) ( Table 3 ).
Segmental arteries
In 11 of 12 patients (91.7%), preoperative and 6-month postoperative contrast-enhanced MDCT was performed. The mean number of clearly enhanced SAs was 28.4 ± 3.6 (right side: 14.1 ± 2.2, left side: 14.3 ± 1.6) in the preoperative MDCT images and 14.5 ± 5.0 (right side: 7.5 ± 3.6, left side: 7.0 ± 2.0) in the MDCT images at 6 months after TEVAR. From the MDCT images at 6 months, we identified three origin arteries anastomosing to the SAs: the subclavian artery, the external iliac artery and the internal iliac artery (Table 4 ). The subclavian artery had three branches to the SAs: the highest intercostal artery, the internal thoracic artery and the subscapular artery. The highest intercostal artery was the usual feeding artery to the high SAs. The internal thoracic artery descended on the inside of the ribcage and connected mainly to the mid-thoracic SAs (Th5−8). The subscapular artery descended along the lateral chest wall and primarily anastomosed to the low thoracic and high lumbar SAs (Th9-L1) ( Fig. 2A) . The external iliac artery had two branches connecting to SAs. The deep circumflex iliac artery and the inferior epigastric artery ascended the abdominal wall and connected to the low thoracic to high lumbar SAs (Th9-L1) (Fig. 2B) . The internal iliac artery anastomosed with the low lumbar SAs (L2−L5) through the pelvic wall. The relationships between the origin arteries and the SAs are illustrated in Table 5 . In all cases, the subclavian arteries and the internal iliac arteries communicated to the mid-thoracic SAs (Th5−8) and the low lumbar SAs (L2−5), respectively. Also, the low thoracic to high lumbar SAs (Th9-L1) were connected to the subclavian artery via the lateral thoracic wall and/or to the external iliac artery via the abdominal wall.
DISCUSSION
Surgical repair of an extended TAAA is associated with high mortality and complication rates because of the extensive aortic replacement required [2, 3] . In particular, SCI is a complication that not only impacts on a patient's quality of life, but also affects long-term prognosis due to various severe complications related to paraplegia. Recently, the risk of SCI has decreased with the recent use of left heart bypass, hypothermia, epidural cooling, cerebrospinal fluid drainage and other adjunctive procedures to prevent ischaemic damage [11, 12] . Coselli et al. [13] examined 2286 cases of TAAA repair and reported a 5% mortality rate, with SCI occurring in 3.8% of patients. Even when performed at high-volume centres, treatment outcomes for TAAA have varied widely by facility, with reported Th7−9  Th12  Th12  L4  L4−5  4  Th7  Th6−7  Th4  Th11  L5  L3−5  5  Th7  Th7  Th9  Occluded  L4−5  6  Th6−8  Th6−7  Th9  Th9  Th11  L2  L2, L4−5  L 5  7  Th4−7  Th6−7  Th6, 9  Th12  Th11− mortality rates ranging 5-19%. Similarly, the rates of SCI have varied in the range 2.7-13.2% [1] [2] [3] 13] . In terms of average outcomes including regular facilities, even higher complication rates have been reported. A hybrid procedure combining open surgical bypass of the abdominal visceral arteries with endovascular aortic repair for high-risk patients was developed in the late 1990s. Our department has actively adopted this hybrid procedure since 1997, and we previously reported the early and long-term outcomes of 86 patients in 2009 [10] . Our early results were very encouraging with a mortality rate of 2.3% and a reversible SCI rate of 1.2%. We obtained a 70% 10-year event-free rate for additional aortic events. In the current study, early-stage and mid-term outcomes were very encouraging despite the high-risk nature of Crawford extent II aortic aneurysm repair. However, a meta-analysis of recent cases of TEVAR [14] performed for TAAA reported a mortality and SCI incidence rates of 14.3 and 7.0% (of which 4.4% were irreversible), respectively, suggesting that TEVAR has yet to surpass conventional surgery, to the point that it gains a worldwide consensus. The discrepancy created between these data is of great interest. This study aimed to examine the distribution of collateral network in patients with Crawford extent II TAAA who underwent TEVAR, where all antegrade SAs were sacrificed.
When performing hybrid TEVAR for Crawford extent II aortic aneurysms, we always preserved patent subclavian and internal iliac arteries. In 2 patients who required that the TEVAR graft be placed over the subclavian artery, reconstruction was performed with an extra-anatomical bypass. Only 1 patient presented with unilateral occlusion of the internal iliac artery. All but 1 patient with inflow from the abdominal aorta had all their SAs blocked, but none suffered an SCI.
The follow-up MDCT revealed that the collateral circulation from the peripheral arteries (subclavian artery, external iliac artery and internal iliac artery) perfused the spinal arteries at each level of the thoracic and lumbar spinal cord. The internal thoracic artery communicated mainly with the SAs at the level of the middle thoracic vertebrae (Th5−8) through the ribcage. The internal iliac artery mainly communicated with the SAs at the level of the low lumbar vertebrae (L2−5) through the pelvic wall.
Additionally, in many cases, the lateral descending branch of the subclavian artery and the ascending branch of the external iliac artery communicated with SAs at the level of the low thoracic to high lumbar vertebrae (Th9-L1) through the thoracic or abdominal wall (Fig. 3) . As demonstrated, when SAs are extensively sacrificed, the collateral circulation between the peripheral arteries and the SAs shows a predictable pattern. Thus, in addition to the internal thoracic artery and internal iliac artery, which have been traditionally considered as important spinal collateral beds [15] [16] [17] , the collateral circulation with SAs at the level of the low thoracic vertebrae via the thoracic and abdominal walls are potentially important collateral pathways in the circulatory network that maintains spinal cord integrity.
Reconstruction of the Adamkiewicz artery has been considered important, as it is the dominant SA that supplies blood to the lower thoracic spinal cord. However, animal experiments performed by Etz et al. and Griepp et al. [18, 19] have demonstrated that the anterior spinal artery, which supplies the spinal cord, is densely connected in an intramedullary and extramedullary fashion in both vertical and horizontal directions. A group from Mount Sinai Hospital has proposed the collateral network concept (i.e. arteries that supply the spinal cord form a dense and extensive network), suggesting that the Adamkiewicz artery is not a critical vessel in the blood supply of the spinal cord. Furthermore, persistent attempts to reconstruct the intercostal arteries may result in a decrease in spinal cord perfusion pressure (i.e. steal phenomenon) due to back-flow bleeding from the intercostal arteries. This can be highly disadvantageous, and may require prolonged aortic clamping time. In fact, the Mount Sinai Hospital group reported satisfactory results when clamping the intercostal arteries prior to aneurysm resection, rather than actively performing intercostal artery reconstruction [20] . Consistent with these results, we identified arterial communications through the thoracic and abdominal walls to the SAs at the level of the low thoracic vertebrae to high lumbar vertebrae (Th9-L1), with no occurrence of SCI, in patients who underwent TEVAR with extensive sacrifice of the SAs.
Czerny et al. [21] reported that it is risky to simultaneously sacrifice two segments out of those in the regions of intercostal and lumber arteries, the LSA and the internal iliac artery. Perioperative hypotension further increases this risk. Therefore, we performed debranching procedures and TEVAR in separate stages. With the use of a second-stage procedure, the haemodynamic impact of TEVAR is likely to be very small, with minimal blood loss and a short operative time. Furthermore, since postoperative bleeding is not of concern after completion of TEVAR, the maintenance of a sufficiently high blood pressure is more likely. Using the same treatment strategy, Esposito et al. [22] reported no paraplegia in 15 patients undergoing mega-aorta repair, which is equivalent to Crawford extent II aortic aneurysm repair.
While surgical procedures utilizing recently introduced branched or fenestrated devices are far less invasive, reports on the occurrence of SCI indicate a significant difference between institutions (0-16.7%) [23] [24] [25] . Many of these cases were late-onset SCI, which likely occurred due to postoperative hypotension. In the case of extensive SA sacrifice, spinal cord integrity can be maintained with long-path collateral flow, as demonstrated in our study. However, blood pressure maintenance is extremely important, especially during the very vulnerable postoperative period.
The present study had a small cohort size, as cases were limited to Crawford extent II TAAA repair. Moreover, 10 patients (83.3%) had TAAA with aortic dissection, resulting in a skewed patient selection. Larger cohort studies are necessary to determine the optimal therapy for patients with extensive aortic aneurysms. Further study of the collateral circulation to the spinal arteries, including those through the thoracic and abdominal wall, is necessary. Furthermore, the development of procedures to enhance these communications safely will offer new means to reduce the risk of SCI in TEVAR.
CONCLUSION
Evaluation of the outcomes of staged hybrid TEVAR for Crawford extent II TAAA repair showed no occurrence of SCI, with acceptable mid-term outcomes. Postoperative MDCT findings included satisfactory spinal collateral circulation, and in particular, communications via the thoracic and abdominal walls to the level of the lower thoracic to high lumbar vertebrae. Prevention of postoperative SCI will likely depend on the maintenance or enhancement of this collateral circulation. 
